Introduction H2-M and HLA-DM (hereafter referred to as H2/DM) are not expressed at the cell surface, but localize to the Major histocompatibility complex (MHC) class II mole-MHC class II compartment (Denzin et al., 1994 ; Karlsson cules bind peptides derived from extracellular pathoet al., 1994; Sanderson et al., 1994) . Recent biochemical gens and present them to CD4 ϩ T lymphocytes (Cressstudies have shown that HLA-DM associates with MHC well, 1994; Germain, 1994; Wolf and Ploegh, 1995) . MHC class II molecules (Sanderson et al., 1996) , stimulates class II glycoprotein assembly initiates in the endoplasthe release of CLIP from MHC class II-CLIP complexes, mic reticulum (ER) by the association of three class II and subsequently facilitates the binding of antigenic ␣␤ dimers with preexisting trimers of a third polypeptide peptides (Denzin and Cresswell, 1995; Sherman et al. , termed the invariant chain (Ii). Ii is a nonpolymorphic, 1995; Sloan et al., 1995) . These studies were interpreted non-MHC-encoded protein that is critical for the proper to suggest that DM and, presumably, H2-M are peptide assembly and transport of class II dimers. In addition, exchange factors that catalyze the replacement of CLIP, a portion of Ii, the class II-associated Ii peptide (CLIP) and possibly some other peptides, for peptides that region corresponding to amino acids 81-104, occupies form long-lived complexes with class II. the peptide-binding groove of the class II molecules and
In this study we describe the phenotype of mice with interferes with binding of immunogenic peptide (Teyton a targeted mutation in the gene (H2-Ma) that encodes et al Roche and Cresswell, 1991; the ␣ chain for mouse H2-M. The phenotype of these Cresswell, 1993; Ghosh et al., 1995) . The nonameric mice establishes a critical role for H2-M in peptide loadclass II-Ii complexes are transported from the ER ing of class II molecules in vivo and provides a novel through the Golgi and sorted to acidic endosome/lysoexperimental model system to study the involvement of some-like structures called MHC class II compartments self-peptides in T cell repertoire selection. (reviewed by Schmid and Jackson, 1994) . There, the Ii is degraded and exchanged for antigenic peptides Results Germain, 1994; Wolf and Ploegh, 1995) .
Generation of H2-M Mutant Mice A number of mutant cell lines with defects in class
To produce H2-M mutant mice, we introduced a mutation in the H2-Ma gene, which encodes the ␣ subunit II-restricted antigen presentation to T cells have been for H2-M. A 1.5 kb region of this gene, encompassing the first and most of the second exon, was replaced with a neomycin resistance (neo) gene (Figure 1 ). Mutant animals, when raised under conventional conditions, appeared healthy. However, H2-M mutants were generally smaller than their littermates and occasionally died without evidence of severe infection. -specific rabbit antisera. Samples were left untreated or treated with endo H, and all samples 120.1, and 25-9-17 was comparable, indicating that muwere boiled and analyzed on 10% SDS-polyacrylamide gels. ␣Ј and tation of H2-M does not significantly affect overall levels The rate of intracellular transport of class II molecules can be estimated from the conversion of immature ␣ and ␤ chains to mature endoglycosidase H (endo H)-ture (indicated by ␣Ј and ␤Ј) subunits associated with resistant chains that have undergone N-linked glycan Ii. In addition, the kinetics by which immature chains modifications in the medial Golgi. Figure 2B shows that are converted to mature forms (indicated by ␣ and ␤) are indistinguishable between mutant and wild-type cells. mutant and wild-type cells have similar levels of imma-
H2-A
b Molecules at the Cell Surface Are "Floppy" Although class II glycoproteins reach the cell surface in mutant mice at normal levels, this does not mean that the structure of these heterodimers is the same as in wild-type mice. To analyze the structure of class II molecules expressed by mutant cells, we immunoprecipitated class II molecules from cells that were metabolically labeled for 40 min and chased for 4 hr. Samples were either boiled or solubilized at room temperature for 1 hr and analyzed on SDS-polyacrylamide gels. As shown in Figure 3A , most of the class II molecules in wild-type cells migrate as compact heterodimers. In sharp contrast, most class II molecules in mutant cells migrate as floppy heterodimers. When samples were incubated in SDS for 24 hr prior to gel loading, a significant number of these floppy heterodimers dissociated into single chains, whereas the compact heterodimers from wild-type and heterozygous mutant cells remained stable (data not shown). This indicates that the floppy heterodimers expressed by mutant cells are relatively unstable.
To determine whether these floppy heterodimers are also the predominant form of A b at the cell surface, we immunoprecipitated surface iodinated A b molecules from splenic B cells treated with LPS plus IL-4. Samples were loaded on SDS-polyacrylamide gels with or without prior boiling. Figure 3B shows that the main structural form of A b at the cell surface consists of floppy heterodimers. Consistent with the SDS stability experiments performed with class II molecules from metabolically labeled mutant cells, treatment of samples with SDS for 24 hr induced the dissociation of a significant number of these floppy heterodimers into single chains ( Figure 3B ).
Class II Heterodimers at the Surface of Mutant Cells Are Occupied by CLIP
The results from the SDS stability experiments demonstrate that class II-peptide complexes expressed by wild-type and mutant cells are structurally distinct. Furthermore, they give an indication as to the nature of the peptides associated with class II molecules expressed by mutant cells. In Figure 3A , a band can be seen that migrates just under the dye front in the lane containing boiled class II immunoprecipitates from mutant but not wild-type cell lysates. Several lines of evidence indicate that this band corresponds to CLIP. First, a similar band has been observed in boiled samples from human class II heterodimers and from mouse A b heterodimers puri- be CLIP (Avva and Cresswell, 1994 ; Denzin and Cressby class II molecules. CLIP cannot be labeled by iodination since it does not contain tyrosine residues. The well, 1995). Second, since mouse CLIP contains five methionines and few other class II-binding peptides absence of a peptide band in the samples from homozygous mutant cells therefore indicates that very few of contain this residue, CLIP, but not the mixture of selfpeptides expressed by normal cells, is expected to be the floppy class II heterodimers on the surface of these cells contain CLIP. detected in this assay. Third, this band is also seen in the pulse-chase experiment with mutant cells shown in Figure 2B , but only in the samples that were chased for Defective Antigen Presentation The ability of mutant cells to present protein antigens several hours. This is consistent with the kinetics of MHC class II transport and with the generation of CLIP to T cells was evaluated with a panel of H2-A b -restricted T cell hybridomas. As shown in Figure 4A , presentation from Ii in a post-Golgi compartment. We conclude therefore that this band corresponds to CLIP.
of intact protein antigens to these hybridomas was completely blocked in the mutant cells. Interestingly, cells A band of the same size with weak intensity is also seen in unboiled samples from lysates of mutant cells from H2-M mutant mice also show strongly reduced capacity to present exogenous peptide ( Figure 4B ). ( Figure 3A ) and becomes more apparent when samples are incubated for longer time periods in SDS prior to gel loading (data not shown (Eastman et al., 1996) . As shown in Figure  E␣ chain, and stained lymphocytes with the Y-Ae monoclonal antibody, which recognizes the complex between 3C, mutant cells express large amounts of class II-CLIP complexes at the surface, whereas wild-type cells ex-A b and E␣(52-68) (Rudensky et al., 1991; Murphy et al., 1992) . Figure 4C shows that peptide-pulsed wild-type press few of these complexes. In addition, increased levels of class II-CLIP are expressed by heterozygous cells stain strongly with the Y-Ae antibody, whereas peptide-pulsed mutant cells stain poorly. Staining intenmutant cells, as compared with wild-type cells.
Additional information on the prevalence of class IIsity for the Y-3P antibody, which binds A b regardless of peptide content, was similar for wild-type and mutant CLIP complexes at the cell surface of mutant cells can be obtained from analysis of the cell surface iodination cells ( Figure 4C ). experiments in Figure 3B . A band migrating under the dye front is present in the boiled samples from wildReduced Numbers of CD4 ؉ CD8 Ϫ T Cells Class II-peptide complexes are essential for the intratype and heterozygous mutant cells, but is absent in the samples from homozygous mutants. This band presumthymic differentiation of CD4 ϩ CD8 Ϫ T lymphocytes. Lymphoid organs from mutant and wild-type mice were ably corresponds to the mixture of self-peptides bound stronger, than the alloresponse ( Figure 5B ; data not shown).
Discussion
In this report we describe the initial characterization of mice with a mutation in the H2-Ma gene, which has been implicated in the removal of CLIP from class II heterodimers and the subsequent loading of class II with antigenic peptides. Several lines of evidence indicate that the phenotype of the mutant mice is consistent with a defect in the loading of peptides on class II molecules. First, class II complexes in mutant cells are predominantly in a floppy form, whereas in wild-type cells most class II molecules form compact SDS-stable dimers. Second, class II-CLIP complexes are readily detected in detergent lysates from metabolically labeled mutant cells, but not wild-type cells. In addition, as shown by staining with the 30-2 antibody, mutant cells express high levels of class II-CLIP complexes at the cell surface. Third, in cell lysates from surface-iodinated wild-type but not mutant cells, a band is seen that most likely corresponds to the mixture of self-peptides bound by class II molecules of normal cells. Finally, cells from mutant mice are unable to present exogenous intact protein antigens to class II-restricted T cells. We conclude therefore that class II molecules in mutant cells, although expressed at levels similar to wild type, are primarily occupied by CLIP and lack the mixture of selfpeptides associated with class II molecules from normal cells. These findings are consistent with the proposed function of H2/DM as a peptide exchange factor and complexes appear at the cell surface at rates similar to that of class II-peptide complexes expressed by wildtype cells. In addition, we found that cells from heterozytherefore compared for the prevalence of various T cell subsets. The number of CD4 ϩ
CD8
Ϫ T cells in spleen gous mutant animals, as compared with cells from wildtype mice, express increased surface levels of A b -CLIP. and lymph node were reduced 3-to 4-fold ( Figure 5A ). A reduction of CD4 ϩ CD8 Ϫ T lymphocytes was also seen This indicates that a relatively small reduction in the level of H2-M increases the escape of A b -CLIP complexes to in the thymus, indicating that the reduced numbers of peripheral CD4 ϩ T cells are caused by less efficient the cell surface and suggests that intracellular H2-M levels are critical, and possibly limiting, for antigen preintrathymic positive selection.
sentation.
Recent in vitro experiments have shown that CLIP has

Residual CD4
؉ T Cells Have Altered Reactivities structural features that facilitate its own release from ␣␤ dimers at endosomal pH (Kropshofer et al., 1995) . To obtain information about the reactivities of residual CD4 ϩ T cells in mutant mice, we measured proliferative The exact biochemical basis for these findings is unknown, but available data suggest that the NH2-terminal responses of spleen T cells from these mice against antigen-presenting cells isolated from a variety of mice nine amino acids of CLIP may bind to an effector site, probably close to the peptide-binding groove, thereby ( Figure 5B ). Spleen T cells from mutant mice generated strong allogeneic responses, indicating that these T inducing conformational changes in the groove area that result in the self-release of CLIP. (Avva and Cresswell, 1994; Brooks et al., 1994; Stebbins et al., 1995) . mals clearly permit the positive selection of some CD4 ϩ T cells, they are not sufficient for the induction of negative Our findings indicate that loss of CLIP from H2-A b is strongly dependent on H2-M expression.
selection of T cells reactive with most class II-peptide complexes expressed by wild-type H2 b cells. An interesting finding is that mutant cells, in contrast with normal cells, express few peptide-receptive class
In conclusion, our results demonstrate that H2/DM plays a critical role in MHC class II function in vivo. II molecules at the surface. In contrast, the class II molecules expressed in the human mutant cell lines were,
Further, these mutant mice should provide a useful tool for studying various aspects of class II-restricted antiwith the exception of HLA-DR1 , found to be as effective as control cells in presenting gen processing and provide a model system with which to determine the role of self-peptides in T cell repertoire exogenous peptides (Mellins et al., 1990; Brooks et al., 1994; Stebbins et al., selection. 1995) with recent studies on the role of self-peptides in T cell described previously . Genomic DNA from repertoire selection. These experiments were performed individual clones was digested with XbaI and hybridized with a 2.5 with mice deficient in the TAP peptide transporter (Ashkb EcoRI probe from the 3Ј end of H2-Ma (see Figure 1A ). Recombiton- or mice deficient in ␤2-nation was confirmed by digestion with XbaI and hybridization with microglobulin (␤ 2 m) (Hogquist et al., 1993 (Hogquist et al., , 1994 ; Sebzda a 1.2 kb ApaI-Sau3AI probe from the 5Ј end of H2-Ma (see Figure   et al., 1994) . It was concluded from these studies that 1A). Chimeric mice were generated as described previously . do not react with stimulator cells from mutant mice.
Pulse-Chase Analysis
First of all, this demonstrates that the class II-peptide , and Cresswell, P. (1995) . HLA-DM induces CLIP dissoprecipitated. Samples were solubilized in SDS sample buffer by ciation from MHC class II ␣␤ dimers and facilitates peptide loading. treatment for 1 or 24 hr at room temperature or by heating at 100ЊC
Cell 82, 155-165. and analyzed on 10% SDS-polyacrylamide gels.
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